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STRUCTURAL ALTERATIONS OF THE EGF 
RECEPTOR GENE IN HUMAN GLIOMAS 

This application is a continuation-in-part application U.S. 
Serial No. 404,226, fUed September 8, 1989. 

This invention was made with the support of the National Insti- 
tutes of Health. The United States Government retains certain rights 
in the invention. 
FIELD OF THE INVENTrON 

The invention relates to tumors and carcinoma involving muta- 
tions of the epidermal growth factor receptor (EGFR). 
BACKGRO UND OF THE TECHNOLQOY 

Tumor specific molecules to aid in better diagnosis and treat- 
ment of human and animal cancer have been sought since the last 
century. Hard evidence of tumor-specific substances, based on 
molecular structural data, has been difficult to provide in most types 
of human cancer except those based on viraUy-indueed cancer and 
involving molecular structures specified by the virus genome. There 
have been extremely few examples of tumop^pecif ic molecules based 
on novel molecular structures. In the case of maUgnant human 
gliomas and other tumors potentially associated with amplification or 
changes in the epidermal growth factor receptor molecule, such as 
carcinoma of the breast and other human carcinomas, there have 
been no unequivocal demonstrations of structurally altered molecules 
with unique sequences. 

The epidermal growth factor receptor (EGFR) Is the 170 
kUodalton membrane glycoprotein product of the proto-oncogene c- 
erb B. The sequence of the EGFR gene is known (UUrlch et al., 1984). 
The EGFR gene is the cellular homolog of the erb B oncogene origi- 
nally identified in avian erythroblastasis viruses (Downward et al., 
1984; Ullrich, et al. 1984). Activation of this oncogene by gene 
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amplif ication has been observed in a variety of human tumors (Haley 
et aL, 1987a), and in particular, those of glial origin (Libermann et al.. 
1985: Wong et al., 1987; Yamazaki et al., 1988; Maiden et al., 1988). 

One major difference between v-erb B oncogenes and the nor- 
mal EGFR gene is that the viral oncogenes are amino-truncated ver- 
sions of the normal receptor; they lack most of the extracytoplasmic 
domain but retain the transmembrane and tyrosine kinase domains 
(Fung et al., 1984; Yamamoto et al., 1983, Milsen et al., 1985; 
Gammett et al., 1986). This results in a protein that is unable to bind 
epidermal growth factor (EOF) but can still phosphorylate other sub- 
strates (Gilmore et al., 1985; Kris et aL, 1985), and has led to specula- 
tion that the v-erb B proteins are oncogenic because the kinase 
domain is unregulated and constitutively active (Downward et al., 
1984). 

A variety of genetic alterations can occur in viral erb B 
oncogenes, e.g. amino acid substitutions and deletions in the carboxy 
terminus of the gene. Available evidence, however, argues that the 
amino truncation is critical to carcinogenesis. Amino truncations are 
a feature of all v-erb B oncogenes, including those that arise by pro- 
moter insertion or retroviral transduction (Nilsen et al., 1985; 
Gammett et al., 1986), 

In contrast, carboxy- terminal deletions appear to be associated 
only with tumors that arise through retroviral transduction and seem 
to determine host range and tumor type specificity (Gammett et al., 
1986; Raines et al., 1985). Transfection experiments with amino- 
truncated avian c-erb B genes or chimeric viral oncogene-human EGF 
receptors demonstrates that this deletion is sufficient alone to create 
a transforming protein (Pelley et al., 1988; Wells et al., 1988). 

Amplification of the EGFR gene occurs in 40% of malignant 
human gliomas (Libermann et al., 1985; Wong et al., 1987). Rear- 
rangement of the receptor gene is evident in many of the tumors with 
gene amplification. The structural alterations seem to preferentially 
affect the amino terminal half of the gene (Yamazaki et al., 1988; 
Maiden et al., 1988), but the nature of the rearrangements has not 
been precisely characterized in any tumor. 
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Size variant EGFR genes and amplification have been reported 
in several human cancers. (Humphrey et al,, 1988; Bigner et al., 1988; 
Wong et aL, 1987; and Humphrey et al., 1989) There has been no 
determination, however, of the molecular basis for the altered EGFR 
molecules in cells. A determination of the genetic changes responsi- 
ble for these tumors would present a significant step forward in the 
treatment and diagnosis of human carcinoma. 

It would be desirable to have unique gene and peptide 
sequences for glioma EGFR, It would also be desirable to have a syn- 
thetic peptide against which monoclonal or polyclonal antibodies 
could be produced which demonstrate specificity against mutant 
EGFR. 
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SUMMARY OF THE INVENTION 

It is an object of the invention to provide intron free DMA mol- 
ecules and peptides that correspond to mutant EGFR proteins. 

It is another object of the invention to provide antibodies spe- 
cific for mutant EGFR molecules that exhibit little or no cross-reac- 
tivity with normal human EGFR or other tissues. 

It is a furtlier object of the invention to provide diagnostic 
methods for the detection of gliomas. 

It is an additional object of the invention to provide methods 
for the treatment of gliomas. 

In accordance with these and other objects, one aspect of the 
invention contemplates an intron-free DNA molecule which encodes 
an EGFR mutant type I, II or in peptide. 

In another aspect, the invention contemplates substantially 
pure EGFR mutant types I, II or in peptides. The invention also con- 
templates antibodies which specif icaUy react with the EGFR mutants 
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but which do not cross-react with normal, intact EGFR. Still further 
aspects of the invention relate to the diagnosis of glioma by determin- 
ing the presence of the mutant EGFR proteins or the genes coding for 
them. 

In yet another aspect, the invention contemplates the treat- 
ment of gliomas employing an antibody which is specific for EGFR 
mutant type I, H or in peptides. 

The Invention provides an Important step forward in the diag- 
nosis and treatment of tumors associated with altered EGFR genes. 
These tumors have previously been characterized by the presence of 
amplified EGFR genes. The present discovery is based on the exist- 
ence of specific deletions/rearrangements in these amplified genes. 
These altered genes produce mutant EGFR proteins that can be iden- 
tified by specific antibodies. A variety of materials attached to the 
antibodies allows highly specific diagnosis and treatment of tumors 
bearing these deletion/rearrangement sequences. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 Is an illustration of a mutant type I EGFR peptide and 
a nucleic acid sequence therefor. 

Figure 2 Is an illustration of a mutant type n EGFR peptide and 
a nucleic acid sequence therefor. 

Figure 3 is an illustration of a mutant type UI EGFR peptide 
and a nucleic acid sequence therefor. 

Figures 4A-C show: an EcoRI map of the human EGFR gene; 
the structures of mutant EGFR Types I-in genes; and Southern blot 
hybridization results. 

Figures 5A-E characterize the rearranged fragment of a Type 
in mutant EGFR gene. 

Figures 6A-C characterize a Type in mutant EGFR transcript. 

Figures 7A-C show transcript analysis by RNase protection. 

Figure 8A-C are analysis results of the gene products from 
mutant Types I-m. 

Figures 9 and 10 describe polyclonal antibodies raised against a 
Type n mutant EGFR peptide. Figure 9 shows the reactivity of 
antisera from three rabbits with fusion junction peptide in an ELISA 



-10- 



assay. Free peptide was bound to polyvinyl chloride plates. Figure 
10, left, shows immunoprecipltation of mutant EGFR protein but not 
intact EGFR by anti-peptide 2 antibody. On the right, 
iinmunoprecipitation by monoclonal antibody 528 of EGFR from 
A431-X, D-256 MG-X and D-270MG-X is shown. 

Figure 11 is the cDNA sequence of normal EGFR. 
nP.TAn.Fn DESCRIPTIOM of THE INVENTION 

One of the unexpected discoveries of this invention is that 
identical deletions (at the gene product level) were observed in tumors 
arising in different patients. Previous studies with glioma xenografts 
have shown that protein expressed from the amplified EGFR gene is 
on the ceU surface (Humphrey et al., 1988). It is a finding of the 
present invention that there are amino acids present at some deletion 
junctions which are not present on normal cells. Thus, there are sur- 
face molecules in these tumors against which tumor-specific antibod- 
ies can be generated. Such tumor-specific antibodies can be used to 
diagnose and treat these widespread gliomas. (See, for example, 
Janson et al. (1989) regarding the use of antibodies in the treatment of 
lymphoid leukemias.) 

Mutant EGFR protein is present in cells exhibiting one or more 
of three types of genetic deletion and/or rearrangement which result 
in a structurally altered receptor. The mutations resulting in these 
three types of altered receptor are illustrated in Figures 1-3. The 
first class of deletions (Type I. Figure l) results in a gap in the 
extracytoplasmic domain near the transmembrane domain. The sec- 
ond type of deletion (Type n, Figure 2) results in the eUmination of 
the distal portion of the extracytoplasmic domain of EGFR. The Type 
I and n in-frame deletions produce two new junction points in the 
amino acid sequence. A third type of abnormaUty (Type m. Figure 3) 
is characterized by a deletion of the majority of the external domain 
of the EGFR leaving substantially only the transmembrane portion 
and the intracytoplasmic domain. 

Type m mutations leave little or no extracellular protein. 
Although antibodies may detect an extracellular sequence, it is 
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preferable to solubllize a cell with a Type ni mutation in a detergent 
before exposure to antibodies. 

The cDNA sequence corresponding to normal EGFR has been 
reported by Ulrich, et aL. in Nature . 309:418-425 (1984). (Fig. 11) 
Intron-f ree DNA sequences encoding deletion mutant EQFR Types I, n 
and in can be determined from the information provided in Figures 1, 
2 and 3 respectively, in view of the previously disclosed sequence for 
the normal receptor, in particular, a gene encoding deletion mutant 
EGFR Type I contains DNA segments corresponding to base numbers 
1817 and 20S7 of the normal sequence connected together as shown in 
Figure 1 with the segment corresponding to base numbers 1818-2066 
deleted. A ^gene encoding deletion mutant .EGFR Type H xk)htains ; 
DMA segments corresponding to base numbers 1-274 and 1076 to end t 
of the normal sequence connected together as shown in Figure 2 with 
the segment corresponding to base numbers 275-1075 deleted. A gene 
encoding deletion mutant EGFR Type DDL contains a DNA segment cor- 
responding to base numbers 1817 to the end with the segment corre- 
sponding to base numbers 1-1816 deleted. Other DNA sequences 
which encode the same amino acid sequences may be used to generate 
EGFR mutant peptides in recombinant organisms, due to the degener- 
acy of the genetic code. Intron-f ree DNA molecules may be obtained 
using reverse transcriptase, for example, and an EGFR mRNA as a 
template. Alternatively, the DNA molecules can be chemically syn- 
thesized according to the sequences disclosed herein. Such molecules 
can be amplified using polymerase chain reaction (PGR) to facilitate 
analysis and manipulations. 

The DNA sequences and DNA molecules of the present inven- 
tion may be introduced into a host cell by transformation or 
transfection (to create transformed cells) and expressed using a wide 
variety of host/vector combinations. For example, useful vectors 
may comprise segments of chromosomal, non-chromosomal (such as 
various known derivatives of SV40 and known bacterial plasmids, e.g., 
plasmids from E>coli including colEl, pcRl pBR322, pMB9 and RP4), or 
synthetic DNA sequences, phage DNAs (Mi3) including derivatives of 
phage (e.g., NM 989) and filamentous single-stranded DNA phages, 
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vectors useful In yeasts (such as the 2u plasmid), vectors useful in 
eukaryotlc cells (such as vectors useful In animal cells, e.g. those con- 
taining SV-40 adenovirus and retrovirus derived DNA sequences) and 
vectors derived from combinations of plasmids and phage DNAs (such 
as plasmids which have been modified to employ phage DNA), or other 
derivatives thereof . 

Such expression vectors are also characterized by at least one 
expression control sequence that may be operatively linked to the 
mutant EGFR DNA sequence inserted in the vector to control and 
regulate the expression of the cloned DNA sequence. Examples of 
useful expression control sequences are the lac system, the trp sys- 
tem, the tac system, the trc system, major operator and promoter 
regions of phage lambda, the control r^ion of fd coat protein, the 
glycolytic promoters of yeast (e.g., the promoter for 3- 
phosphoglycerate kinase), the promoters of yeast acid phosphatase 
(e.g., Pho5), the promoters of the yeast a-mating factors, and promot- 
ers derived from polyoma, adenovirus, retrovirus, or simian virus 
(e.g., the early and late promoters of SV40), and other sequences 
known to control the expression of genes of prokaryotic or eukaryotic 
cells and their viruses or combinations thereof. 

Furthermore, within each specific expression vector, various 
sites may be selected for insertion of the DNA sequences of this 
invention. These sites are usually designated by the restriction 
endonuclease which cuts them. They are well recognized by those of 
skill in the art. It is, of course, to be understood that an expression 
vector useful in this invention need not have a restriction 
endonuclease site for insertion of the chosen DNA fragment. Instead, 
the vector can be joined to the fragment by alternative means. The 
host cell, expression vector, and in particular the site chosen therein 
for insertion of a selected DMA fragment and Its operative linking 
therein to an expression control sequence, is determined by a variety 
of factors, e.g., number of sites susceptible to a particular restriction 
enzyme, size of the protein and its susceptibility to proteolytic 
degradation by host cell enzymes, contamination or binding of the 
protein to be expressed by host cell proteins difficult to remove- 
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during purification; expression charact rlstics, such as the location of 
start and stop codons relative to the vector and an insertion site for a 
DNA sequence is determined by a balance of these factors, not all 
selections being equally effective for a given case. 

Useful expression hosts may include well known eukaryotic and 
proicaryotic hosts, such as strains of E.coll t such as E>coli SG-936, 
E>COU HB 101, E.COli W3110, E>coli X1776, E.coU X2282, E,cqU DHI, 
and E.coli MRCl, Pseudomonas , Bacillus , such as Bacillus subtilis , 
Streptomvces . yeasts and other fungi, animal cells, such as COS cells 
and CHO cells, and human cells and plant cells in tissue culture. 

Of course, not all host/expression vector combinations function 
with equal efficiency in expressing the DNA sequences of this inven- 
tion or in producing the polypeptides of this invention. However, a 
particular selection of a host/expression vector combination may be 
made by those skilled in the art* For example, the selection should be 
based on a balancing of a number of factors* These include compati- 
bility of the host and vector, toxicity of the proteins encoded by the 
DNA sequence to the host, ease of recovery of the desired protein, 
expression characteristics of the DNA sequences and the expression 
control sequences operatively linked to them, biosafety, costs and the 
folding, form or any other necessary postexpression modifications of 
the desired protein. 

One preferred means of obtaining the deletion mutant EGFR 
preparations of this invention is to synthesize them according to stan- 
dard techniques known In the art using the sequences taught herein. 
Another means contemplates culturlng cells transfected with an 
expression vector comprising an Intron-free DNA molecule corre- 
sponding to Figure 1 or Figure 2 or Figure 3 using culture conditions 
which are well-known in the art. The cells are then harvested and 
the cell membrane fraction may be separated by standard separation 
procedures, such as differential centrlf ugation, which are well-known 
in the art. A crude extract can be obtained by solubllizing the cell 
membrane fraction with detergents. 

Once a crude extract containing the deletion mutant EGFR is 
obtained, purification can be accomplished according to techniques 
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which are well-known in the protein purification art. For example, 
various types of chromatography may be used. Columns which may be 
used include a DEAE cellulose column, or an anion exchange column, 
as well as a gel permeation column. 

The deletion mutant EGFR protein or peptide fragments 
thereof can also be purified using immunoaffinity techniques. As 
antibodies are provided here which are specific for the epitopes 
shown in Figures 1. 2, and 3, peptides corresponding to Type I, n, or HI 
mutants can be positively selected from a mixture of many proteins. 
The use of the antibodies of the present invention to purify the pro- 
teins of the invention allows good separation from those proteins 
which are most similar to them. Alternatively, peptides of this 
invention may be purified by immunoaffinity using antibodies to the 
normal EGFR, especially to epitopes on the cytoplasmic domain. Of 
course, other techniques of purification are known in the art and can 
be used to purify the peptides of the invention. 

Those of ordinary skill in the art can select among the above 
techniques to prepare the substantially pure peptides of this inven- 
tion. Substantially pure mutant EGFR peptides within the contempla- 
tion of this Invention are those which are substantially free of other 
human proteins. Peptides according to the present invention are lin- 
ear polymers of amino acids which do not contain the full intact 
sequence of EGFR found in normal cells. Typically these are greater 
than ten amino acids in length and less than about fifty. Desirably the 
peptides arp long enough to elicit a unique antibody response but short 
enough so that antibodies are not elicited which are tmmunoreactive 
with the intact EGFR protein. 

The peptide product of the prokaryotic and eukaryotic hosts 
transformed with the DNA sequences of this invention, can be 
employed in the production of antibodies. 

The substantially pure preparation of polypeptide comprising 
the amino add sequence corresponding to the nucleotide sequences of 
Figures 1, 2 and 3 can be made using any of the techniques which are 
known in the art. For example, the Merrifield technique (Journal of 
American Chemical Society, vol. 85, pp. 2149-2154, 1968), can be 
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used. Substantial purity means that the preparation Is greater than 
75% free of other proteins normally found in human cells. Preferably 
the preparation is greater than 90% free of other human proteins. 
Polypeptides may be longer or shorter or have conservative amino 
acid changes which do not change the epitope(s) found on deletion 
mutant EGFR but not found on normal Intact EGFR. Polypeptides can 
be tested to determine if they are able to stimulate mammals to pro- 
duce antibodies which are immunoreactive with epitopes found on 
deletion mutant EGFR, but not found on normal EGFR. Methods of 
immunizing mammals to stimulate antibody production are well 
known in the art. Methods for testing the immunoreactlvity of anti- 
bodies for known antigens are also well known. 

The substantially pure preparation of polypeptide of the pre- 
sent invention can be used to affinity purify antibodies specific for 
the deletion mutant EGFR protein. In addition, the preparation of 
polypeptide of the present invention can be used to stimulate produc- 
tion of antibodies in a mammal by immunizing the mammal with the 
preparation. Such immunization may optionally employ coupling of 
the polypeptide to a larger immunogenic substance such as keyhole 
limpet hemocyanln. For affinity purification of antibodies, the 
polypeptide can be coupled to an inert matrix, such as agarose beads. 
Techniques for such coupling are well known in the art. The prepara- 
tion of the polypeptide can also be used to quantitate antibodies spe- 
cific for deletion mutant EGFR In an antibody preparation. In such a 
case, the synthetic peptide will usually be coupled to a larger inert 
proteinaceous substance such as bovine serum albumin. Once again, 
the techniques for coupling polypeptides to such matrices are well 
known In the art. 

As mentioned above, antibodies which are specific for the dele- 
tion mutant EGFR proteins In that they are Immunoreactive with the 
deletion mutant EGFR protein but not with normal, Intact EGFR can 
be made using a synthetic polypeptide of the present invention. 
Immunization of mammals such as rabbits, mice, goats, etc. to pro- 
duce antibodies is well known in the art. Such polyclonal antibody 
preparations can be purified using immunoafflnlty techniques 
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employing a synthetic polypeptide of the present invention. Such 
purification methods are well-known in the art. Monoclonal antibod- 
ies can also t3e raised which are specific for deletion mutant EGFR 
epitopes and do not cross-react with normal EGFR. Generally, a rat 
or mouse will be immunized with the synthetic polypeptide (or dele- 
tion mutant protein) of the present invention and the rodent will later 
be sacrificed and spleen cells recovered for fusion with myeloma 
cells- Hybrid cells can be selected according to techniques known in 
the art, for example, selections involving complementation of two 
phenotypes, one from each parental cell. The antibody produced by 
each hybrid cell clone can be screened Individually to select antibod- 
ies which bind to epitopes on deletion mutant EGFR but not on nor- 
mal, intact EGFR. 

In order to screen for antibodies which are immunoreactive 
with epitopes found on the deletion mutant EGFR gene product but 
not found on normal EGFR, a simple battery of tests can be per- 
formed. Antibodies can be tested for immunoreactivlty with deletion 
mutant EGFR using a substantially pure preparation of the protein, or 
with fragments of the deletion mutant EGFR protein according to the 
present invention conjugated to a larger moiety such as bovine serum 
albumin. The desired specif ic antibodies should be positive in either 
or both of these tests. The antibodies should also be tested for 
immunoreactivity with normal, intact EGFR; desired antibodies hav- 
ing absolute specificity for deletion mutant EGFR should be negative 
in such tests. 

Antibodies can also be detected using this battery of tests 
which have relative specificity for deletion mutant EGFR compared 
to normal EGFR. That is, some monoclonal antibodies can be found 
which react more strongly with the deletion mutant protein than with 
the normal protein. These antibodies of relative specificity for 
mutant EGFR may also be useful. Means for using them are discussed 
below. 

Immunoaffinity techniques to purify monospecific polyclonal 
antibodies reactive with deletion mutant EGFR but not with normal 
EGFR can be used. Similar binding properties are employed as in the . 
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tests described for monoclonal antibodies above. That is to say that 
antibodies which immunoreact with deletion mutant EGFR will be 
positively selected, while those that immunoreact with normal EGFR 
will be removed from the desired antibody preparation. 

Antibodies which show relative or preferential specificity for 
deletion mutant EGFR relative to normal EGFR can be rendered abso- 
lutely specific by altering the conditions under which 
immunoreactivity is assayed- Conditions in the assay medium which 
can be altered include, but are not Umited to: the ionic strength; the 
detergent concentration; the concentration of chaotropic agents, such 
as urea, guanldine, and potassium thiocyanate; and the pH. Alteration 
of these conditions leads to destablllzatlon of the various bonding 
forces which contribute to antibody-antigen binding. Titration of 
reagents altering each of these conditions allows determination of a 
set of conditions where relatively or preferentlaUy specific antibodies 
immunoreact with deletion mutant EGFR but not with normal EGFR. 
Suitable ranges In which to vary the destabUizing agent concentra- 
tions can readily be determined. For example, In order to alter Ionic 
strength, potassium chloride can be titrated from about 0.05M to 2M. 
Detergents, either ionic or non-Ionic, can be titrated from about 
0.05% to 2%. Chaotropic agents can be titrated from about 0.5M to 
8M. The range of pH can be titrated from about 2 to 10. Such condi- 
tions can be useful both to screen for monoclonal antibodies 
immunoreactive with deletion mutant EGFR and to assay for deletion 
mutant EGFR in various biological sources. 

Diagnostically, knowing the EGFR lesions correlated with 
tumors of Types I, n, and m permits the development of gene or anti- 
body probes for accurately diagnosing and classifying tumors. 

The nucleotide sequences provided by the Invention can be used 
to form gene probes in accordance with any of the standard tech- 
niques. The DMA probes contemplated for use in this invention may 
be derived from the DNA of cell lines grown in vitro or xenografts 
maintained In vivo which contain the DNA spanning the deletion site. 
The size of a DNA probe can vary from approximately 20 nucleotides 
to hundreds of nucleotides. The DNA probe may be radiolabeled, 
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labeled with a fluorescent material, or the like. Procedures for the 
preparation and labeling of DNA probes are weU known in the art. 

The diagnostic test employing a DNA probe will employ a cell 
sample from an individual who is being screened for the presence of 
glioma. The sample will be isolated from the suspect tissue. DNA is 
recovered from the cell employing standard techniques well known to 
those skilled in the art. The DNA is then incubated with a probe 
under conditions where homologous sequences hybridize but sequences 
which diverge do not, and hybridization is thereafter detected. 
Hybridization to a deletion-specific probe indicates the presence of 
the deletion. Enzymes such as SI nuclease can be employed to 
remove portions of a DNA or RNA molecule which do not hybridize. 
The size of the duplex nucleic acid which remains can be determined 
by standard means. Duplexes which are smaUer than the probe indi- 
cate a deletion, rearrangement, or other mismatch. Thus probes 
which are useful may be derived from intact as well as mutant alleles. 

Antibodies of the invention are capable of binding to the 
mutant EGFR proteins and not to the intact EGFR protein from nor- 
mal cells. These antibodies also permit the use of imaging analysis 
with isotopes, conjugated antibodies, or other ligands. Examples of 
suitable imaging agents are ^^^I, ^^^I, ^^^I, or Indium-lll conjugated 
to the antibodies specific for deletion mutants of the EGFR. 

The antibodies of the present invention can be used to detect 
deletion mutant EGFR epitopes in histological sections of glioma tis- 
sue as well as In other solid tumors. Tissue samples are preferably 
soluhilized with detergent to release membrane proteins into solution 
prior to Immunological detection. One can detect antibody binding to 
extracts of tissue sections by any detection means known in the art 
for example, radioimmunoassay, enzyme-linked immunoadsorbent 
assay, complement fixation, nephelometric assay, immunodiffusion or 
immunoelectrophoretic assay. Alternatively, the antibodies can be 
used as an immunohistochemical reagents to visualize EGFR mutant 
proteins in tissue sections. 

In addition, the antibodies of the invention can be administered 
to a patient for imaging analysis. For such purposes the antibodies 
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are typically conjugated to an imaging agent, such as ^^^I, ^^^I, or 
Indium-Ill* A diagnosticaliy effective amount of antibody is one 
which allows the observer to distinguish between normal tissues and 
those containing mutant type EGFR. Determination of such amounts 
is within the skill of the art. 

A particularly useful stain for use in enzyme-linked antibody 
assays employs peroxidase, hydrogen peroxide and a chromogenic sub- 
stance such as aminoethyl carbazole. The peroxidase (a weU known 
enzyme available from many sources) can be coupled to the antibody 
specific for deletion mutant EGFR or merely complexed to it via one 
or more antibodies. For example, a goat anti-peroxidase antibody and 
a goat antibody specific for deletion mutant EGFR can be complexed 
via an anti-goat IgG, Such techniques are well known in the art. 
Other chromogenic substances and enzymes may also be used. 

Radio-labeled antibodies may be specific for deletion mutant 
EGFR or second antibodies immunoreactive with antibodies specific 
for deletion mutant EGFR. Again, such techniques are well known. 
The precise technique by which mutant EGFR is detected in glioma 
patients is not critical to the invention. Biochemical or immunologi- 
cal techniques can now be used which do not employ 
immunohistoehemistry, although that is a preferred method of the 
present invention. 

One particularly preferred method of detecting and/or quanti- 
tating deletion mutant EGFR protein in solubilized samples employs a 
competitive assay. An antibody immunoreactive with an epitope 
found on deletion mutant EGFR but not found on normal EGFR is 
attached to a solid support such as a polystyrene microtiter dish or 
nitrocellulose paper, using techniques known in the art. The solid 
support is then incubated in the presence of the fluid to be analyzed 
under conditions where antibody-antigen complexes form and are sta- 
ble. Excess and unbound components of the fluid are removed and the 
, solid support is washed so that antibody-antigen complexes are 
retained on the solid support. A fixed amount of a polypeptide con- 
taining an epitope found on deletion mutant EGFR but not found on 
normal EGFR, is then incubated with the solid support. The 
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polypeptlde binds .to an antibody immunorea«tive with mutant EGFR 
which is attached to the soUd support. The polypeptide has been 
conjugated to a detectable moiety, such as biotin, peroxidase or 
radiolabel, by means weu known in the art. Excess and unbound 
polypeptide is removed and the soUd support is washed, as above. The 
detectable moiety attached to the solid support is quantltated. Since 
the deletion mutant EGFR and the polypeptide have competed for the 
same antibody binding sites, the solubilized mutant EGFR in the fluid 
to be analyzed can be quantitated by its diminution of the binding of 
the polypeptide to the soUd support. Antibodies employed in this 
assay may be immunoreactive with deletion mutant EGFR but not 
with normal EGFR. Alternatively, relatively specific antibodies may 
be used under conditions which destabilize immunoreactivity with 
normal EGFR. Polyclonal antibodies which contain an antibody spe- 
cies immunoreactive with an epitope on deletion mutant EGFR but 
not on normal EGFR, may also be used. 

A preferred diagnostic method for determination of Type HI 
gliomas involves differential detection of the intracytoplasmic and 
extracytoplasmic domains. This detection may be on the gene or 
peptide level. On the gene level, nucleotide probes specific for the 
intracytoplasmic domain (base numbers 2192-3720 on Figure 11) and 
for the extracytoplasmic domain (base numbers 190-2122) are used. 
DNA extracted from Type III gliomas will hybridize with the intra- 
cytoplasmic but not the extracytoplasmic probes. Similarly, deter- 
gent solubilized membrane proteins from suspect tissue samples can 
be tested immunologicaUy using antibodies specific for epitopes found 
In the intracytoplasmic and the extracytoplasmic domains. The anti- 
bodies can be prepared by immunizing mammals with peptides 
expressed from the sequences corresponding to these domains, as inidi- 
cated above, and selecting those antibodies specific to each domain 
using techniques that are well known to those skilled in the art. The 
membrane protein fraction from Type ffl gUomas will react with anti- 
bodies to the intracytoplasmic domain of EGFR but not with antibod- 
ies specific for most the extracytoplasmic domain. The particular 
procedures for gene probe assays and immunoassays will be well-- 
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known to those skiUed in the art. Similarly, antibodies specific for 
Type in EGFR mutant proteins can be used. Such antibodies will 
react with the epitopes which are not present on intact EGFR. 

Treatment may be with radioactive isotopes including ^^h 
[Bullard et al. (1986) and Lee et al. (1988)1 or appropriate drugs also 
conjugated to those antibodies. A number of treatment protocols 
employing monoclonal and polyclonal antibodies have been developed 
in the art of cancer therapy which are useful for the present inven- 
tion. Each of these protocols depends on the specificity of the anti- 
body as a targeting agent for their respective tumor antigen: 1) 
immune system effector cells — either endogenous (Sears, 1984 <k 
i985j colorectal carcinoma; Meeker, 1985, B lymphocyte malignancy; 
Shouval, 1987, liver cancer) or isolated from the patient and 
reinjected; (Sears, 1982, and Doulllard, 1986, colorectal carcinoma) 2) 
cytotoxic drugs; (EPO 0153 144, ricin) or 3) radioactive isotopes 
(Carrasquillo, 1984, directing ^^^I to metastatic melanoma). In each 
case, the role of the antibody is to direct the active agent to particu- 
lar tumor cells whose surfaces carry antigens corresponding to the 
respective antibodies. 

Treatment comprises administration to a glioma patient of an 
effective amount of an antibody specific for the mutant EGFR and 
unreactive with normal EGFR, said antibodies optionally labelled with 
radioactive elements or conjugated to cytotoxic drugs. See, U.S. 
Patent Nos. 4,454,106 and 4,472,509 which are expressly incorporated 
herein by reference. The appropriate level of antibody for treatment 
can be determined for each patient using standard methods and no 
more than routine experimentation. 

The following examples are included for illustrative purposes 
only and are not intended to limit the scope of the invention. 
Examoles 

In the examples, we determined the effect of rearrangements 
on the structure of the EGFR gene product in five human glial 
tumors. The target of each of these alterations was the 
extracytoplasmic domain. Three types of altered transcripts were 
identified. 
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Sourc of Tumor Material 

The xenografts used in the present study were derived from 
surgical biopsies of malignant human gliomas. Their establishment 
and karyotypes have been described previously (Humphrey et al., 
1988). Southern blotting experiments with EGFR cDNA probes have 
shown that five of the xenografts (D245MG. D256MG, D270MG, 
G298MG and D317MG) contain rearranged and amplified EGFR genes. 
The same rearranged fragments were detected in the original tumor 
biopsies (Humphrey et al., 1988). 

Tumor xenograft D320MG exhibited amplified EGFR genes 
without any detectable rearrangements. Xenografts D263 and D274 
exhibited no amplification or rearrangement of the EGFR gene. 
Therefore, five of the 8 glioma xenografts examined contained rear- 
ranged and amplified EGFR genes which were all present in the initial 
tumor biopsy. 

Cloning of the EGF receptor gene demonstrates 
Internal Deletions in human glial tumors 

To analyze the structure of the altered EGF receptor geneSt a 
map of the gene was constructed. We generated a genomic phage 
library using DNA from D320MG. The human glial tumor xenograft 
has an approximately ten-fold amplification of the EGFR gene but no 
detectable rearrangements on Southern blot hybridization. The 
library was screened with fragments from a 5.5 kb EGF receptor 
cDN A clone (Ullrich et al., 1984). 

Forty-eight phage clones were obtained and used to assemble 
an EcoRI map of the EGF receptor gene (Figure 4A). The clones 
spanned the entire gene except for two small gaps. Southern blot 
hybridization (using genomic DNA digested with various enzymes) 
confirmed that the clones identified all EcoRI fragments within the 
gene (including those containing the gaps). The map deduced using 
these tumor-derived phage clones was not rearranged in comparison 
to normal genomic DNA. 

A map of the EGF receptor gene has been published by Haley et 
al. (Haley et al., 1987b). Our map agrees with Haley et al. except that 
the size of some of the fragments differ for unknown reasons. In 
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addition» our map includes several small EcoRI fragments not included 
previously. The extracytoplasmic and transmembrane domains are 
located at base numbers 186-2121 and base numbers 2122-2191, 
respectively for EGFR genes (Figure 11). 

Clones corresponding to the extracytoplasmic domain of the 
gene were used as hybridization probes with Southern blots of EcoRI 
digested tumor DNA (FIG. 4C). Each genomic clone revealed a dele- 
tion and/or a rearrangement in at least one of the five tumors in 
which we had previously demonstrated rearrangements using EGFR 
cDNA probes (Humphrey et al., 1988). 

Based on the information obtained from Southern blots probed 
with genomic phage clones, the approximate areas of deletion within 
the EGFR gene in each tumor were deduced (Figure 4B). While none 
of these rearrangements were identical at the genomic level, the 
deletions in D256IVIG and D298MG were around a central locus. 
Tumors whose genomes carry this central deletion are designated 
Type I. The deletions in D2709MG and D317MG centered around a 
locus at the 5' end of the gene. Tumors whose genomes carry this end 
deletion are designated Type n. The deletion in D245 appeared to 
involve most of the extracytoplasmic portion of the gene. Tumors 
whose genomes carry this deletion are designated Type HI. 
Summary of EGFR Mutant Tvoe Analysis 

Phage clones 40 and 24 revealed deletions and rearrangements 
in Type n tumors D270 (Figure 4Ct lane C) and D317 (data not shown), 
but not in Type I tumors D256MG or D298MG. Conversely, clones 26 
(Figure 4C) and 29 (data not shown) demonstrated a rearrangement in 
tumors D256MG (Figure 4C, Lane B) and D298MG (lane E) but not in 
tumors D270 or D317. The abnormally migrating fragments were 
unlikely to be the result of restriction fragmentation length 
polymorphisms (RFLPs) since new bands were also observed when the 
tumor DNA was digested with several other enzymes. 

Using EcoRI subfragments of phage clone 26, the 2.5 kb frag- 
ment in Type I tumor D256 (Figure 4C, phage clone 26, Lane B) was 
shown to be due to a rearrangement affecting the 8.0 kb and 1.8 kb 
fragments (Figure 4A). The fact that the normal size 8.0 kb fragment 
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was still present at increased copy number in* tumor D2S6 could be due 
to the presence of the several copies of chromosome 7 which were 
detected cytogenetically in metaphase spreads from this xenograft 
(Signer et al., 1986). Such numerical increases in chromosome 7 are 
common in glial tumors. As an alternative explanation, some of the 
amplification units in D256 may be heterogeneous with some units 
containing the normal 8,0 kb fragment and others containing the rear- 
ranged 2.5 kb fragment. 

Phage clones ERG-9, 40, and 24, demonstrated no amplification 
in Type in tumor D245MG (Figure 4C, lane A). However, the phage 
ERG 26 probe, which hybridized to seven EcoRI fragments present in 
normal DNA, revealed only two amplified fragments in this tumor: a 
normal size 8.0 kb fragment and an abnormally migrating 1.7 kb frag- 
ment. These results suggested that the 5' part of the EOF receptor 
gene was deleted in D245MG. 
Detailed Analysis of Type in Rearrangement 

To better understand the nature of this deletion/rearrangement 
in tumor D245MG, we cloned the 1.7 kb EcoRI fragment containing 
the presumptive rearrangement from the tumor xenograft (Figure 4C, 
Phage clone 26, Lane A), and subsequently used this clone to isolate 
the sequences giving rise to the rearrangement. The three phage 
clones spanning the site of recombination are shown in Figure 5A. 
The sequence marked "EGFR" is derived from the normal EOF recep- 
tor gene (Ullrich et al., 1984), the "D245" sequence is derived from 
the amplification unit of D24SMG, and the ''TEG" sequence is derived 
from the normal locus (referred to as TEG for Truncated EGF Recep- 
tor) which had recombined with the EGFR gene to produce the rear- 
rangement in D245IVIG. Cross hybridization and restriction mapping 
indicated that the 1.7 kb EcoRI restriction fragment from the 
D245MG DNA was the product of a rearrangement between a 1.8 
EcoRI fragment from the EGFR locus and a 2.2 kb EcoRI fragment 
from the TEG locus. 

The three fragments were subcloned into plasmid vectors and 
partiaUy sequenced. The nucleotide sequences are presented in Fig- 
ure 5B and diagrammed in Figure 5C. Several features of the- 
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sequences were notable: (I) the rearrangement occurred within an 
intron upstream of the EGF receptor exon corresponding to 
nucleotides 1818 to 1908 of the EGFR cDNA sequence; (ii) an 18 
nucleotide A-T rich motif was repeated four times in the vicinity of 
the breakpoint in the rearranged fragment, but only once in the cor- 
responding part of the TEG fragment; (iii) at the site of recombina- 
tion, seven additional nucleotides were present which did not appear 
to be derived from either the TEG or EGF receptor loci; and (iv) Alu- 
type repeats were present in both the TEG and EGF receptor derived 
fragments and one such repeat is present in the clone containing the 
rearrangement* 

To determine the normal chromosomal position of the TEG 
locus, we screened human-mouse somatic cell hybrids with the TEG 
specific probe. This demonstrated that TEG, like the EGF receptor 
gene, was located on chromosome 7. Further hybridization to hybrids 
containing various deletions on chromosome 7 (Bartels et al., 1986; 
Zergerling et al., 1987), showed that both TEG and the EGF receptor 
were located in the same subchromosomal r^ion at 7pl2-7pl4 (Fig. 
5D). Thus, the rearrangement in D245 was intrachromosomal. The 
juxtaposition of Alu sequences around the breakpoints (Fig. 5C) sug- 
gested a model for the D245 recombination similar to one proposed 
for the LDL receptor (Lehrman et al., 1985), wherein hairpin stem- 
loop structures composed of Alu-type repeats mediate an intra-strand 
recombination event (Fig. 5E). The significance of the A-T rich 
repeat Is unclear, but a hotspot of recombination in a mouse model of 
gene amplification occurred within the context of an A-T rich area 
and Alu-type repeats (Hyrlen et al., 1987). 
The protein produced in D245MG is similar to v-erb B 

To determine the effect of the truncation on the gene product, 
we first performed Northern blot analysis using poly A+ selected RNA 
from the xenograft of D245MG. When probed with sequences derived 
from the 3* half of the EGF receptor cDNA, normal placenta showed 
the expected 10.0 and 5.5 kb transcripts, but abnormally migrating 
bands of 9*0 and 4.8 kb were obtained with RNA from tumor D245 
(Figure 6A). When the blot was hybridized with a probe from the 5* 
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half of the EGF receptor cDNA, th same 10.0 and 5.5 kb bands were 
detected In placenta, but no transcript was found in RNA from 
D245MG (Figure 6B). This was consistent with the Southern blot and 
genomic cloning data which had suggested that a deletion of the 5' 
end of this gene had occurred. 

To determine the nature of the aberrant transcript from D245 
cells, we constructed a cDNA Ubrary using poly A+ selected RNA 
from the D245 xenograft. A combination of restriction endonuclease 
mapping and partial sequence analysis of 17 different cDNA clones 
selected with a probe for the EGF receptor gene showed that they 
were identical to published sequences of EGF receptor mRNA from 
nucleotide 885 to the 3* end of the coding region (Fig. 6C)- The 
sequences 5' to nucleotide 885 of the D245 cDNA clone were not 
homologous to EGF receptor cDNA and were apparently derived from 
the upstream locus. Search of a DNA database (Gen Bank, release 
52.0) revealed no significant homologies of this sequence to any 
known sequence. Open reading frame (ORF) analysis upstream of 
nucleotide 885 showed numerous stop codons in three reading frames. 
The single long open reading frame began at D245 cDMA nucleotide 
955 (Fig. 6c) and continued in the native reading frame of the EGF 
receptor. The nucleotides surrounding the first methionine codon 
(GCCATGA) within this ORF were in good agreement with the canon- 
ical initiator sequence (Kozak et al., 1987). Thus, it is likely that the 
translation product of this RNA had an N-terminus corresponding to 
amino acid 543 of the EGF receptor protein and that the open reading 
frame was preceded by a long 5' untranslated sequence. The pre- 
dicted protein product of this mRNA would be a truncated version of 
the normal receptor containing 644 amino acids, a predicted molecu- 
lar weight of 72 kd, and retention of 3 N-linked glycosylatlon sites 
(Ullrich et al., 1984). Comparison of the predicted amino acid 
sequence from the D245 EGF receptor gene with that of v-erb B 
oncogenes (Fung et al., 1984; Yamamoto et al., 1983; Nllsen et al., 
1985; Gammett et al., 1986) revealed that the protein product of the 
tumor is very similar (and in fact only 8 amino acids longer) to several 
avian retroviral gene products described previously. 
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Detalled Analysis of Type I and Type n Transcripts 

We first employed RNase protection to analyze the transcripts 
from the four other tumors with EGFR rearrangements. In addition 
to being able to detect deletions in mRNA, this technique can reveal a 
significant fraction of point mutations (Winter et al., 1985). The 
probes used to analyze total RNA from these tumors are shown in 
Figure 7A. Probe I contained a 910 base pair fragment from the 5' end 
of the cDNA. It yielded a fragment of 910 bp from all RNA samples 
tested (Fig. 7C); In the RNA samples from the tumors with rearrange- 
mentSi the normal size fragments were probably a result of transcrip- 
tion from ttie remaining normal EGFR gene. In previous cytogenetic 
experiments, we have shown that at least two copies of chromosome 
7 remain in each of these four tumors (Signer et aL, 1986). In tumors 
D270 (Figure 7C, probe I, lane C) and D3217 (Lane F), the most 
intense fragment detected was approximately 230 bp; these new frag- 
ments appeared to be expressed at a considerably higher level than 
the normal size 910 bp fragment, especially when the difference in 
size was taken into account. 

Probe n revealed 210-215 base pair fragments in tumors D270 
and D317 as weU as less intense 914 base pair fragment corresponding 
to the normal transcript (Figure 4C, probe n, lanes C and F). The 
cluster of closely migrating fragments (rather than a single band) was 
most likely due to imperfect cleavage of the duplex; RNase protection 
experiments in which similar RNA probes were hybridized to cloned 
genomic fragments also produced a cluster of fragments. The data 
obtained with probes I and n were consistent with the hypothesis that 
the deletion in both tumors D270 and D317 resulted in an approxi- 
mately 800 base pair deletion near the 5' end of the transcript. While 
the genomic deletions were not Identical (Figure 4), it appeared that 
the two tumors had lost sunilar exon sequences. 

Probe in demonstrated the normal 970 base pair fragments in 
D270 and D317 (Figure 7C, probe HI, lanes C and F), but 450 and 250 
bp fragments were observed in D256 and D298 (Lane B and E), sug- 
gesting an approximately 270 base pair deletion within the transcript 
of these latter two tumors. Tumor D245 also had an abnormal RNase 
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protection pattern (Figure 7C, probe m, lane- A); the 495 bp fragment 
in D245 corresponded to the break point in the transcript determined 
from the cDNA clones. Probes specific for the 3' half of the receptor 
(including the tyrosine kinase domain and autophosphorylation sites) 
showed no abnormaUties in any of the five tumors, indicating that 
there were not point mutations detectable by this method. 
The Rearrangements Result in In -Frame Deletions 

The RNase protection and genomic Southern blot data provided 
an approximation of the nature of the deletion, but it was difficult to 
determine the precise nature of the abnormalities. For this purpose, 
the polymerase chain reaction (PGR) was used to generate cDNA 
fragments from the mutant aUeles. The data from the RNase pro- 
tection experiments and published information on the normal EGFR 
cDNA sequence was used to guide the choice of primers. cDNA was 
generated by first annealing the 3' primer to total tumor RNA, and 
then extended by using MMLV reverse transcriptase. PGR was then 
carried out using a method simUar to that described by Kawasaki et 
al. (Kawasaki et al., 1988). When RNA from tumors D270 and D317 
was analyzed with one set of primers (Fig. 8A) a major fragment of 
230 base pairs were produced (Figure 8A, lanes A and B), while the 
normal size 1100 base pair fragment was seen only faintiy (not 
shown), consistent with the size of the deletions inferred by the 
RNase protection experiments. Another glial tumor xenograft, D397, 
had a Southern blot pattern very similar to that of D270 when probed 
with the EGFR cDNA. It was analyzed in this PGR experiment and 
produced a fragment similar to that from D270 and D317 (Fig. 8A, 
lane C). A second set of primers revealed a fragment of 220 base 
pairs in tumors D256 and D298 (Fig. 8A, lanes D and E respectively), 
instead of the normal size 440 base pairs which was found with D320 
RNA (lane F); the 220 bp fragment size was consistent with the data 
from the RNase protection e3q)eriments. 

PGR products of the four tumors were subcloned and 
sequenced. The sequences from tumors D270, D317 and D397 were all 
identical (Figure SB), and the sequence derived from tumor D256 was 
identical to that from D298 (Figure 8C). In aU cases the deletions did . 



wo 91/03489 



-29- 



PCr/US90/04489 



not alter the reading frame and reconstituted a glycine codon at the 

deletion site. 

Discussion 

We have demonstrated that rearrangements of the EGFR gene 
in human glial tumors often result in specific deletions of the 
extracytoplasmic domain of the molecule. While coding Information 
was lost from this domain, the reading frame of the receptor was pre- 
cisely preserved in every instance. Our results confirm and extend 
the observations made by other workers using Southern blot assays on 
glial tumors, Libermann et al. (Libermann et al^ 1985) noted that two 
glial tumors with DMA amplification had apparent rearrangements 
that were detected with cDNA probes from the extracytoplasmic 
domain. Similarly, Yamazaml and co-workers (Yamazaki et al., 1988) 
and Maiden et al. (Maiden et al., 1988) detected rearrangements in 
two glial tumors and found that these produce protein products of 
abnormally small size. Recently, a 190 Kd protein has been isolated 
from a glial tumor cell line which did not appear to be the result of 
any gross genetic rearrangement, but peptide mapping suggested that 
the additional material was due to an addition in the extracytoplasmic 
domain (Stech et al., 1988). 

In a previous publication, we examined the size of the proteins 
produced in these xenografts and their effect on EGF binding affinity 
(Humphrey et al., 1988). As would be predicted from the sequence 
data presented here^ the protein isolated from D245 is unable to bind 
EGF but can be autophosphorylated. The major polypeptide detected 
with antibodies against the intracytoplasmic domain of the receptor 
was 77 kilodaltons following deglycosylation, consistent with the 72 
kilodaltons predicted from the cDMA sequence. The proteins 
immunoprecipitated from tumors 270 and 317MG were 150 kilodaltons 
(predicted polypeptide size of 120,000) and those from D298 and D256 
were ISO kilodaltons (predicted polypeptide size of 100,000). The dif- 
ferences in size from that predicted from the cDNA sequences may 
reflect the degree of glycosylation, as there is a similar difference 
between the predicted molecular weight of normal EGFR protein and 
its mobility on SDS gels. The binding affinity for EGF in these tumors 
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was less than three-fold lower than that of the control ceU lines with 
normal EGFR gene sequences. Thus, the deletions do not seem to 
substantiaUy affect EGF binding, although the normal receptors that 
are still present in these tumors complicate this conclusion. The 
domain thought to be responsible for EGF binding (Lax et aL, 1988) 
was not deleted in any of the tumors except for D245MG. 

Several facts suggest that the alterations noted here play an 
important role in glial tumor development. First, in humans, gene 
amplification only appears in tumor cells (Alitalo et al., 1984), and 
with the exception of B and T lymphocytes, genetic rearrangements 
have only been associated with disease. Second, EGFR gene amplifi- 
cation in glial tumors is a clonal event (i.e., amplified genes appeared 
to be present in nearly every cell of the tumor (Wong et al., 1987). 
Third, amino-terminal truncations in v-erb B are known to be crucial 
for their effect; in all of the tumors studied here, the alterations were 
confined to the amino-terminal domain. In one tumor, the deletion 
resulted in a truncation remarkably ^milar to that found in v-erb B 
oncogenes. 

When EGF binds to the normal receptors, autophosphorylation 
and activation of the kinase domain occurs within minutes, and recep- 
tor down regulation through endocytosis and degradation of the ligand 
receptor complex are completed within one hour (Carpenter et aL, 
1987). The products of the v-erb B oncogene are thought to be 
oncogenic because the truncation results in a protein whose kinase 
activity is constitutlvely active and unregulated (Downward et al., 
1984). The structural alterations occurring in D245MG may result in a 
similar activation of the receptor kinase, allowing it to function in 
the absence of the natural ligand. It has recently been demonstrated 
that over-expression of a protein lacking the EGF binding domain can 
transform Rat 1 cells and activate the tyrosine kinase (Haley et al., 
1989). The deletions in the other tumors studied occurred within one 
of the two cysteine rich domains in the receptor. Therefore, these 
alterations could also result in a conformational change that might 
leave the receptor in an abnormally active or unregulated state. 
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Finally, one must ask why the rearrangements occur in ampli- 
fied genes of some gliomas while other similar tumors contain ampli- 
fied but otherwise apparently normal genes. One possibility is that a 
certain subset of glial tumors are dependent on the over-expression of 
EGF receptors* Evidence in support of this possibility comes from 
recent in vitro experiments in which transformation of NIH 3T3 cells 
by over-expression of the EGF receptor required the presence of EGF 
(Di Fiore et al., 1987; Riedel et al., 1988; Velu et al., 1987) and the 
demonstration that some glial cell lines contain TGF alpha transcripts 
(Nlster et al., 1988). Extrapolating the in vitro data to the in vivo 
state, tumors possessing a high density of normal receptors might be 
activated by otherwise limiting quantities of EGF or TGF-alpha 
present in the area surround and including the tumor. 

A second subset of tumors might have altered receptors whose 
structure results in a molecule that is constantly active and is only 
partiaUy or not at aU regulated by ligand. Such independence from 
the normal signals controlling cellular growth is the essence of 
tumorigenesis. Tumor types I, and HI appear to be of the second 
subset. 
METHODS: 

DNA Hybridization 

DNA was purified using Proteinase K-SDS and extracted with 
phenol and chloroform (Vogeistein et al., 1987). DNA (4 ug) was 
digested with EcoRI (BRL) using buffers and conditions specified by 
the manufacturer, and after electrophoresis through a 1% agarose gel, 
transferred to nylon membranes (Bio-Rad) using 0.4N NaOH (Reed et 
aL, 1985). Pre-hybridizatlon and hybridization were done as described 
previously (Vogeistein et al., 1987). Probes were labelled with d- 
•'^PdCTP using the oligolabeUing method (Feinberg and Vogeistein, 
1984). Repeated sequences were removed by the pre-association 
method of Sealey et al. (Sealey et al., 1985). 

Library Construction 

The genomic library was constructed from D320MG as 
described previously (Ruppert et al., 1988). After partial Mbo I diges- 
tion, DNA was size-fractionated through sucrose density gradient 
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ultracentrifugatlon. The fractions containing 17 to 24 kilobase frag- 
ments were cloned into the Bam ffl site of Lambda Fix (Stratagene) 
after partial fiU-in of Mbo I ends. The ligation product was packaged 
with lambda phage extracts (Stratagene) and used to infect E. coli 
C600 cells. DNA from the resulting plaques was lifted with Colony 
Plaque Screen membranes (Dupont, NEM Research Products) and 
screened with EGF receptor cDNA probes (UUrich et al.. 1984; 
Merlino et al., 1985). 

To clone the 1.7 kb rearranged fragment, D245 DNA was 
digested with EcoRI and size selected by electrophoresis on a 1% 
agarose gel. DNA was eluted from the gel (Vogelstein et ai., 1987), 
ligated to gtlO arms (Promega), packaged with lambda phage extracts 
and used to infect C600 cells. The library was screened with an EGFR 
cDNA probe and a clone containing the 1.7 kb rearranged fragment 
was identified. To clone the TEG locus, a total genomic library was 
first made from D245MG DNA and screened with the 1.7 kb rear- 
ranged EcoRI fragment, resulting in a 15 kb phage clone bridging the 
rearrangement between TEG and EGF receptor loci. The 4.4 kb frag- 
ment from this phage clone was then used to screen a genomic library 
made from D259 (a glial tumor cell line without EGFR amplification 
or rearrangement) to clone the normal TEG locus. The fragments 
from D245, EGFR and TEG participating in the recombination were 
subcloned into pBluescript (Stratagene). For sequencing, nested dele- 
tions were generated using exonuclease ni and mung bean nuclease 
(Henikof et al., 1984). Plasmids were transformed into HBlOl cells 
(F'*'::Tn5) and single stranded DNA prepared using R408 helper phage 
(Russel et aL, 1986). Sequencing by the di-<Ieo3cy method was done 
using a modified form of T7 polymerase (USB). 
Northern Blotting and cDNA Library Construction 

For Northern analysis, poly(A)+RNA was Isolated from 10 ug 
total RNA by selection on oligo-dT cellulose, separated by 
electrophoresis through a 1.5% MOPS/formaldehyde gel and trans- 
ferred in dilute alkali to nylon (Bio-Rad). For construction of the 
CDNA library, first strand cDNA was prepared using MMLV reverse 
transcriptase (BRL) and random hexamer primers (Pharmacia). The - 
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second strand was synthesized using the method of Gubler and 
Hoffman (Gubler et al., 1983). The resulting cDNA was methylated 
with EcoRI methylase and ligated to EcoRI linkers (New England 
Biolahs). The linked cDNA was cleaved with EcoRI, and fragments 
>1*0 kb were isolated following electrophoresis through a 1% agarose 
gel. This cDNA was ligated into ZAP (Stratagene) and packaged with 
phage extracts (Stratagene). The library was screened with an 0.7 kb 
Taql-EcoRl fragment derived from the EGFR end of the 1.7 kb EcoRI 
fragment of D245 (See Fig. 5A). Plasmids containing inserts were 
derived from phase plaques by using the excision process recom- 
mended by the manufacturer. 
Ribonuelease Protection 

Total RNA was isolated by the acid-guanidium extraction 
method described by Chomcynski and Sacchi (Chromczynski et al., 

Art 

1987). P-labeled RNA transcripts were generated in vitro from 
subclones of EGFR cDNA using T3 or T7 RNA polymerase. The probes 
used were: Probe I: a 910 bp Smal-Clal fragment of pE15 (Merlino et 
al., 1985); Probe H: a 730 bp EcoRI-Bam HI fragment from pE7 (Xu et 
al., 1984); Probe HI: a 970 bp Bam HI-EcoRI fragment from pE7. 
Ribonuelease protection was performed as described (Winter et aL, 
1985) with the following modifications: hybridizations were per- 
formed in a final volume of 10 ul; only RNase A at 12.5 ug per ml was 
used; and the RNase A and Proteinase K digestions were performed at 
room temperature for 30 minutes. 
PGR amplification of cDNA products 

To generate first strand cDNA, 50 pmol of the 3' primer was 
annealed to 1 ug of total RNA by cooling from 60°C to 37*'C over 1/2 
hour in the presence of 400 uM of each deoxynucleotlde, reverse 
transcriptase buffer (BRL), 1 U of placental RNase inhibitor 
(Promega) In a total volume of 25 ul. This was followed by the addi- 
tion of 20 U of MMLV reverse transcriptase (BRL) and incubation at 
37 *C for 10 min* PGR was carried out on this sample by diluting the 
sample to 50 ul, adjusting the final MgCl2 concentration to 2.5 mM, 
and adding 50 pmol of the 5* primer and 2.5 U of Taq polymerase 
(Cetus). Thermal cycling was done at 93"C for 1 min., 40° for 2 min,. 
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and 72 for 2 min. for 35 cycles. The sample was then subjected to 
electrophoresis in a 2% agarose gel, FoUowlng staining with ethidium 
bromide, the band was excised, the DNA eluted as described previ- 
ously (Vogelstein et al., 1987) and subcloned into pBluescript 
(Stratagene) for sequencing. At least two clones for each PGR prod- 
uct were sequenced and some samples were sequenced directly by the 
method of Winship (Winship et al., 1989). For tumors D270, D317, and 
D397, primer set A was used, consisting of 5'- 
AGTCGGGCTCTGGAGGA-3' and 5'-CACTGATGGAGGTGCAGT-3'. 
For tumors D256 and D298. primer set B was used consisting of 5'- 
(CTG)CAGGTCTGCCATGCCTTG-3' and 5'- 

(GGT)ACCATCCCAGTGGCGATG-3'. The sequences in parentheses 
were not present in the EGFR sequence and were added to complete 
either a Pst I or Kpn I restriction site. 

Figure 4 - Deletions in the EGF receptor gene in human gliomas. 

Figure 4A is an EcoRl map of the Human EGF receptor gene. 
The sizes of the fragments are indicated in kilobases. Representative 
phage clones used to assemble the map are shown below it. 

Figure 4B is the deduced EGFR gene structure of five glioma 
xenografts. The numbers to the left correspond to the glial tumors 
described in the text. The solid lines indicate sequences present in 
the tumors, while the approximate points of deletion are indicated by 
x's. 

Figure 4C represents a Southern blot hybridization with phage 
clones demonstrating deletions in the EGF receptor gene. The blots 
were hybridized with radlo-labeUed phage inserts, and the numbers 
above each blot refer to the phage clone used as the hybridization 
probe. Rearranged fragments are Indicated with an asterisk (♦), The 
tick marks to the right of each autoradiograph refer to the sizes of 
marker fragments in kilobases which are given on the extreme right. 

The lanes contained DNA according to the following key: 
N: DNA from normal cells 

A) D245 

B) D256 

C) D270 
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D) D320 

E) D298 

F) D370 

P^gure 5 - Characterization of the rearranged fragment from D245. 

Figure 5A Is an EcoRI restriction map of genomic clones con- 
taining the 1.7 kb rearranged fragment from D245MG and the corre- 
sponding unrearranged fragments from the EGF receptor gene and TEG 
locus. The open box indicates sequences derived from the EGF recep- 
tor gene and the shaded box represents the TEG locus. The numbers 
refer to the sizes of the EcoRI fragments in kiiobases. 

Figure 5B shows a partial nucleotide sequence of the area flank- 
ing the site of recombination. Other features based on this sequence 
are shovsm In Figure 5C. An 18 nucleotide A-T rich motif Is repeated 
four times (rptl-rpt4) in the rearranged D245 fragment but only once in 
the TEG fragment; an insertion has been made to optimize alignment. 
Seven nucleotides are present at the site of recombination ("Break 
point") which cannot be aligned with either of the recombination part- 
ners. Portions of the Alu repeats present in the TEG and EGF receptor 
gene are underlined; the arrowhead Indicates the orientation of these 
repeats according to Deininger et aL (Deininger et al., 1981). Numbers 
to the right are relative nucleotide positions with respect to the D245 
sequence. 

Figure 5C schematically shows the presence of Alu repeats 
(arrows), the A-T rich motif (open box labeled AT) and exon from the 
EGF receptor (filled box corresponding to EGFR nt 1818-1908) In the 
1.77 kb EcoRI rearranged fragment from D245 and the corresponding 
unrearranged fragment from the EGF receptor gene and TEG locus. 

Figure 5D illustrates chromosomal locaUzation of the TEG locus. 
A human-mouse somatic cell hybrid panel containing various deletions 
of human chromosome 7 (20-21) was digested with EcoRI and blotted to 
a nylon membrane. It was first hybridized with the 2.2 kb EcoRI frag- 
ment from the TEG locus (top) and then hybridized with a 1.9 kb EcoRI 
genomic fragment from the EGFR locus (bottom). 

The somatic cell hybrid clones used (and the regions deleted 
within the hybrids) were: 
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Lan 1: 5387-3 cl 10 (intact chromosome 7); 
Lane 2: [t A9 2-21-14 (7pl4-pter); 
Lane 3: RuRag 6-19 (7 cen-pter); 
Lane 4: 2068 Rag 22-2 (7 q22-pter); 
Lane 5: 1059 Rag 5 (7 q22-q32); 
Lane 6; 7851 Rag 10-1 (7q22-q32): 
Lane 7: 194 Rag 6-13-3(7 q32-qter); 
Lane 8: Rag (mouse DNA only); 
Lane 9: 4 ug of normal human DNA. 

Figure 5E describes a possible mechanism for intrastrand recom- 
bination in D245 involving oppositely paired Alu repeats based on the 
model proposed by Lehrman et aL (Lehrman et aL, 1985), Features of 
the TEG and EGF receptor fragments from Fig. 5C are reproduced 
here. The oppositely oriented Alu repeats in the EGF receptor gene 
and TEG locus on chromosome 7p could base pair forming a stem loop 
structure. Recombination at the stem would result in the rearrange- 
ment seen in D245. 

Figure 6 - Characterization of the transcript in D245. 

Figure 6A Is a Northern blot hybridization demonstrating abnor- 
mal transcript sizes in D245. Two and one-half ug of poly A+ selected 
RNA from placenta and tumor D245 were electrophoresed in a 1.5% 
formaldehyde gel and transferred to nylon membranes. The blot was 
hybridized with a probe specific for the intracy toplasmic domain of the 
EGF receptor. The numbers to the right and left indicate the size of 
the bands In kb. The major band in the D245 sample is 4.8 kb; there is 
also a faint band of unclear derivation at 5.5 kb which was not derived 
from the normal EGFR mRNA, since it did not hybridize to an 
extracytoplasmic domain probe» as seen in figure 6B. 

Figure 6B Is a separate blot that was hybridized with a probe 
from the extracytoplasmic domain (the 730 bp EcoRl-Bamffl fragment 
of pE7. 

Figure 6C shows a cDNA sequence of the EGF receptor related 
mRNA from D245. The designation "D245" refers to the nucleotide 
sequence of a clone derived from tumor D245 and mRNA. The abbrevi- 
ation ''EGFR" refers to the normal EGF receptor cDNA sequences. The 
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term "D245AA" Is the deduced amino acid sequence from "D24S", which 
Is aligned with that of "v-erb B" (the v-erb B oncoprotein Is a fusion 
protein between viral and EGFR sequences; only the EGFR related 
sequences are shown). The presumed initiator condon for tumor D245 
is underlined. The numbers to the right refer to the D245 sequence, 
'^^guro? - Characterization of transcripts by RNase protection. 

Figure 7A is a schematic drawing of the probes used. The 5.5 kb 
EGF receptor cDNA is diagrammed above. The striped box is the signal 
peptide, followed by the extracytoplasic domain which is divided into 
four domains (1-4), with the cysteine rich regions as indicated. The 
soUd box is the transmembrane domain followed by the 
intracytoplasmic domain containing the kinase domain. The thin lines 
are the untranslated regions. 

Figure 73 presents the deduced transcript structures from the 
RNase protection experiments. Symbols are as In Figure 4B. 

Figure 7C depicts RNase protection experiments using rna 
from the glial tumor xenografts. The numerals I-m refer to the probes 
in Fig. 7A. The numbers to the right refer to the sizes of the protected 
fragments (see text). 

The lanes contain RNA from: A) D245; B) D256; C) 2709; D) 
D320; E) D298: F) D317; G) tRMA (negative control); and H) undigested 
probe. 

8 - PGR analysis of the gene products from the altered region. 

Figure 8A shows gel electrophoresis of polymerase chain reac- 
tion products. The gel shows l/lOth of the reaction after 35 cycles. 

The lanes contained products from: A) 270; B) 317; C) 397; D) 
256; E) 298; F) 320. Primer set A was used for D270, D317, and D397; 
primer set B was used for D256, D298, and D320 (see Experimental Pro- 
cedures). The numbers refer to the sizes of fragments in base pairs 
judged from co-electrophoresed markers. 

Figure 8B shows a sequence of the PGR products from tumors 
D270, D317, and D397. 

Figure 8C illustrates the sequence of the PGR products from 
D256 and D298. The numbers and asterisks refer to the EGF receptor 
cDNA nucleotides flanking the deleted area. The sequence to the right 
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and I ft of those shown In the figure were th sam as in normal EGFR 
cDNA. 

Antibody Production 
1. Mice 

Mice for the production of hybridomas (later to be fused into a 
myeloma) were injected according to the schedule below. Mice popula- 
tions were at least 5 and generally up to 10 in each immunization arm 
with both Type I and Type II EGFR deletion mutants. 

Day Immualzation 

Arm I: 0 100 ug pep - 200 ug KLH + CFA id 

15 30 ug pep - 60 ug KLH + IFA ip 

30 10 ug pep - 20 ug KLH + IFA ip 

44 2.5 ug pep iv 

105 1 ug iv 

138 1 ug iv 

166 1 ug iv 

prefusion titer: greater than 1/2000-1/4000 

181 1 ug iv 

186 1 ug iv 

187 1 ug iv 
191 £usion 

Arm II: 0 50 ug pep - 100 ug KLH + CFA id 

14 15 ug pep - 30 ug KLH ip 

28 1 ug pep iv 

titers ralpha peptide Type I: gtr. than 1/8,000 
alpha peptide Type II: gtr. than 1/8,000 
62 1 ug pep iv 

69 1 ug p^ iv 

70 1 ug pep iv 

72 fusion; prefusion serum sauries 
available 

Ann III: 0 50 ug pep - 100 ug KLH + CFA id 

21 1 ug pep iv 

prefusion titer: 

alpha peptide Type I: gtr. than 1/2,000-1/5,000 
alpha peptide Type 11: gtr* than 1/4,000-1/19,000 
40 1 ug pep iv 

47 1 ug pep iv 

48 1 ug pep iv 
50 fusion 

Arm IV: 1 500 ug pep - 2 - KLH +• CFA id 

18 100 ug pep - 2 - KLH + IFA id 

32 50 ug pep - 2 - KLH + PBS ip 

39 bled and titered 
46 50 ug pep - 2 - KLH in PBS ip 

49 fusion 
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ATffl V: 



1 
18 
32 
39 
50 
54 



500 ug pep - 2 - KLH + CPA id 
100 ug p^ - 2 - KLH + IFA id 
50 ug pep - 2 - KLH ^ PBS ip 
bled and titered 



2,5 ug free pep - 2 iv 
fusion 



Abbreviations: KLH = keyhole limpit hemocyanin 

CPA = complete Freund*s adjuvant 
IFA » incomplete Freund's adjuvant 
id - intradermal 
ip « intraperitoneal 



Hybridoma supernatants were screened using solid phase 
radioimmunassy using 0,5 ug/weli of pep - 2, Hyperimmune sera, spe- 
cific for pep-2 versus pep~l prelmmune sera was used as baseline 
controls. 

Over twenty-five murine hybridomas making monoclonal anti- 
bodies to the EGF receptor mutant peptide (class n) have been isolated. 

2. Rabbits 
Immunization Schedules 

Rabbits were injected with synthetic peptides of the deletion 
mutant coupled to keyhole limpet hemocyanin initiaUy, and after two 
months, three further injections at one month intervals. The immuni- 
zation pattern was performed with rabbits according to the following 
schedule: 

Day -7 Pre-lmmune bleed (50 ml per rabbit via ear vein) 

DayO 250 ug peptlde-KLH conjugate of 1 ml in phosphate- 



pep = peptide type I or type II 
PBS * phosphate buffered saline 



buffered saline; complete Freund's adjuvant (1:1) per 
rabbit injected subcutaneously with 200 lamdba at 5 dif- 
ferent sites 



Day 30 



50 ug peptide-KLH conjugate in 1 ml of phosphate 



-buffered saline; incomplete Freuntfs adjuvant (l:i) per 
rabbit injected subcutaneously with 200 lambda at 5 dif- 
ferent sites 



Day 39 



Rabbits bled, serum harvested, and stored in l ml 
aUquots at -135 
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In another experiment, a slightly different schedule was 
followed. 

Three New Zealand white rabbits were immunized with peptide 
conjugated to KLH, On Day 0, subcutaneous immunization was admin- 
istered with 250 ug peptide conjugated to KLH in 1 ml of a 1:1 emulsi- 
fication of phosphate-buffered saline (PBS) and complete Freund's 
adjuvant. Each rabbit was injected with this dose at 4 separate sites. 
On Day 33, each rabbit was boosted at 4 separate sites with SO ug 
peptide conjugated to KLH in 1 ml of a 1:1 emulsifieation of PBS and 
incomplete Freund's adjuvant. Antisera were obtained by bleeds on 
Days 40 and 43. 
Titration of Antibodies 

Antibody titers against peptide were determined in ELISA. 
Briefly, a concentrated solution of peptide (1 mg/1 ml in PBS) was 
diluted to 10 ug/ml in 200 mM NaHCOa buffer (ph 9.2), and 50 wl were 
added to 96-plate wells of polyvinyl chloride (Dynatech Laboratories, 
Inc*, Chantilly, VA). The peptide solution was incubated in the plate 
wells overnight at 4'*C. The peptide solution was discarded, and the 
plates were washed 3 times with Hanks* buffered salt solution contain- 
ing 0,05% Tween 20 (Sigma, St. Louis, MO). Nonspecific binding was 
then blocked for 1 tir at room temperature with 200 ul of 0.5% bovine 
serum albumin in PBS. The plates were washed as above. 
Prenmmune rabbit sera or antisera (lOO ul of dilutions in Hanks' buff- 
ered salt solution with 0.5% BSA) were added for 2 hr at room temper- 
ature. The plates were washed and 50 ul of peroxidase-conjugated 
goat antirabUt IgG (Zymed Laboratories, Inc., San Francisco, CA) was 
added for 1 hr at 37*'C. The plates were washed and 100 wl of sub- 
strate solution was added. The substrate solution was prepared by 
adding 15 mg of o-phenylenediamine (Sigma) to 1 ml methanol, with 
subsequent addition of 49 ml of deionized water and 50 ul of hydrogen 
peroxide. Incubation was at room temperature for 15-20 min., and 
the well absorbances were then measured in an automated plate 
reader (Titertek Multlskan MCC/340, Flow Laboratories, McLean, VA) 
at 492 nm. The ELISA could also be performed with purified 
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antipeptlde antibody. The half-maximal titer in this assay was 0.5 ug 
antipeptide IgG/ml of PBS. 

AU three rabbits immunized with peptide-KLH conjugate 
exhibited a marked IgG response as assessed by ELISA against uncou- 
pled peptide bound to plates (Fig. 9). The half-maximal titers (the 
antiserum dUution at one-half maximal absorbance) varied from 
1:6000 to 1:50,000. The binding reaction was specific, as the 
pre-hnmune serum from each rabbit was nonreactive; a nonreactive 
baseline was also obtained when the antlsera were reacted with a 
second 14-amino-acid peptide of different sequence (Pep-i; sequence: 

H-Asn-Leu-Leu-Glu-Gly-Cys-Thr-Gly-Pro-Gly-Leu-Glu-Gly-Cys-OH). 
Purification and Ch aracterization of Antipeotide AnHbody 

The antipeptide antibody was purified from antiserum by a 
peptide-Sepharose affinity column with elution by acidic pH. The 
affinity column was prepared by coupling 5 mg of peptide to cyanogen 
bromide-activated Sepharose (Sigma), as described in the Pharmacia 
(Piscataway, N.J.) protocol. The extent of coupling was 100%, as 
determined by BCA protein assay (Pierce, Rockford, ID of the solu- 
tion overlying the gel. Ten miUititers of antiserum from rabbit 396 
(the rabbit with the highest half-maximal titer of 1:50,000 in ELISA in 
reaction against peptide) were passed over the column, and the col- 
umn was washed extensively with 500 ml of PBS. Elution was with 
100 mM glycine buffer (pH 2.5) with Immediate neutralization into 0.4 
M Hopes buffer (pH 7.4). A yieU of 6 mg of pure IgG was obtained 
from a starting load of 10 ml of rabbit antiserum 396 (the antiserum 
with the 1:50,000 half-maximal titer). Lower yields were obtained 
with purification of antipeptide IgG from antisera of lower 
half-maximal titers. Elution of active antibody could also be accom- 
plished with 3.5 M MgCl2 (pH 3.5 or pH 6.5). The activity of the anti- 
body eluted under the different conditions was similar, as assessed by 
EUSA against free peptide. 

Control IgG was purified from rabbit pre-immune sera by pro- 
tein A-Sepharose affinity chromatography. The size and homogeneity 
of the purified antibodies were monitored under nondenaturing condi- 
tions by size exclusion HPLC and under denaturing condition by 
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SDS-PAGE. HPLC was performed on a calibrated 1 x 30 cm Waters 
300 SW column (previously calibrated with standards in the size range 
of Mr of 20,000-400,000 daltons). Protein elution was followed at 215 
nm. SDS-PAGE utilized a 10% resolving gel In the SDS-discontinuous 
buffer system of Laemmli (Laemmli, Nature (1970), 270:680-688). The 
protein bands were visualized with Coomassle blue staining. The 
eluted antibody was identified as IgG by apparent molecular weights 
on a size exclusion HPLC column and SDS gel (data not shown). 
Purity was greater than 98%. 

Immunocvtochemical Detection of Mutant EGFR Expression 

The affinity-purified antibody was characterized in 
immunocytochemistry using frozen tissue sections and the avldin- 
biotln complex method, as described (Humphrey, et al., Cancer Res. 
(1988). 48:2231-2238). The tissues tested included a range of normal 
fetal and adult tissues, carcinomas (prostatic, bladder, breast, and 
lung), glioma biopsies (-Bx), and gliomas grown in xenograft form in 
nude mice (-X). The normal tissues, carcinomas, and glioma biopsies 
were from the Duke University Medical Center Tissue Bank. The 
glioma xenografts were grown as described (Humphrey, et aL, Cancer 
Res. (1988), 48:2231-2238). The affinity purified antipeptide antibody 
and the purified pre-immune rabbit control IgG were used at a con- 
centration of 1-2 ug/ml, as determined by initial titration experi- 
ments. The antitody could be used in antiserum form with an optimal 
titer in immunocytochemistry of 1:3000. F(ab')2 fragments of normal 
rabbit IgG and the antipeptide antibody were also tested in 
immunocytochemistry on glioma D-270 MG-X and skin. F(ab')2 frag- 
ments were generated and purified as described (Colapinto, et al.. 
Cancer Res. (1988), 48:5701-5707). Also used in immunocytochemistry 
of the glioma biopsies was rabbit antipeptide antibody reactive with 
the intact EGFR (Product No: OA-ll-852, Cambridge Research 
Biochemicals, Valley Stream, New York). This antiserum was used at 
a dilution of 1:1000, as established by initial titration experiments. 

The antipeptide IgG reacted with the native mutant EGFR in 
frozen tissue sections fixed briefly with acetone. The antibody spe- 
cifically recognized only the mutant glioma EGFR and not the intact 
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A431-X squamous ceU carcinoma EGFR In both xenograft (data not 
shown) and biopsy tissue (Table 1). This immunostaininj of the mutant 
EGFR was specific, as purified pre-immune IgG was nonreactive, and 
preincubation of antipeptlde IgG with excess peptide blocked with 
immunocytochemical staining. In both glioma biopsy and xenograft 
tissues which bound the antipeptide antibody, the immunostaining was 
localized to the cytoplasm and cell surface; virtuaUy every tumor ceU 
exhibited immunoreactivlty. 

Screening of normal and neoplastic tissues by Immuno- 
cytoehemlstry with the antipeptlde antibody revealed posltlvlty only 
In a subset of glioblastomas (Table 1). Immunoreactlve mutant EGFR 
was Identified In two human glioma biopsies (D-270 MG-Bx and D-317 
MG-Bx) and the corresponding xenografts (D-270 MG-X and D-317 
MG-X) knowrn to amplify the mutant EGFR gene and express mutant 
EGFR protein. Four additional glioblastoma biopsies e:diibited 
immunostaining with the antipeptlde antibody; one of these (D-397 
MG-Bx) was subsequentty tested using an RNA-based PCR assay and 
Shown fay sequencing to possess the same deletion mutation as gUomas 
D-270 MG-Bx and D-317 MG-Bx. 

Further evidence for the selectivity of this antibody was 
obtained in this screen of glioma biopsies, as 27 of 27 biopsies reacted 
specifically with rabbit antipeptlde antibody against the intact EGFR; 
but only those gUomas with the proven (3 cases) or suspected (3 cases) 
deletion mutation reacted with the antlfuslon junction peptide anti- 
body. A range of fetal and adult normal tissues and carcinomas failed 
to react with the antipeptlde antibody, as assessed by this method. 
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TaUe 1. Antipeptlde antibody immunnfrfainlng of normal and 
Tumor tissue frozen sections 

Normal human Human neoplastic 

tissues Reactlvitv * tissues (biopsies) Reactivity 



Adult 

Brain 0/2 Glioblastoma 6/35 

Muscle 0/1 Lung Carcinoma 0/2 

Skin 0/3^ Prostatic Carcinoma 0/2 

Kidney 0/3 Breast Carcinoma 0/2 

Spleen 0/2 Bladder Carcinoma 0/2 

Placenta O/ll 



Fetal 

Brain O/i 

Kidney 0/1 

Liver 0/1 



♦Results are expressed as number of positive cases/total number of 
cases examined, 

*Weak Fc receptor binding was observed in one case in epiderm^ 
epithelium. This immunostaining was abolished with the use of F(ab')^ 
fragments. 

Note: Lack of reactivity with normal adult brain and skin was con- 
firmed by immunopreclpitation. 



Binding of ^-^^I-Labeled Antipeptlde IgG to 

Tumor Membranes Expressing Intact and Mutant EGFR 

The purified antipeptlde antibody and pre-immune IgG were 
both labeled with ^^h at a specific activity of about 1.6 uCi/ug using 
a variation off the iodogen method as described previously (Colapinto^ 
et al.. Cancer Res. (1988), 48:5701-5707). Radioiodinated proteins (22 
ng. 50-70 k cpm) were incubated for 2 hr at 4*^C in triplicate with 200 
Ml of 20 mM Hepes (pH 7.4) containing 0.1% BSA and 40 ul of a 
l-mg/ml suspension of microsomal membranes. The membranes 
tested were from D-270 MG-X, a glioma tumor expressing the * 
in-frame deletion-mutant EGFR; A431-X, a squamous cell carcinoma 
overexpressing the intact EGFR; and D-245 MG-X, a tumor containing 
or expressing an EGFR molecule which lacks most of the extracellular 
domain and serves as a negative tissue control. Following the 
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incubation period, the membranes were separated from unbound 
activity using 0.22-um ceUulose acetate centrifuge filter units 
(Spin-x, Costar, Cambridge, MA) washed twice with 1 ml of the incu- 
bation buffer. The fUters had been pretreated by a 30-min incubation 
at room temperature followed by 3 washes with buffer. Using this 
procedure, nonspecific binding of radioactivity to the filters was 
<0.2%, Filters and washes were assayed for activity in similar 
counting geometries using an automated gamma counter. 

Direct binding of radiolodinated antipeptide IgG to membranes 
expressing the D-270 MG-X mutant EGFR was significantly higher 
than to membranes expressing intact EGFR (in A431-X) or a v-erb 
B-like EGFR (in D-245 MG-X) (Table 2). The specificity of the 
antipeptide binding reaction was demonstrated by assessing nonspe- 
cific binding using ^^h-labeled purified pre-immune IgG. The selec- 
tivity of the antipeptide antibody is highlighted by comparing the 
percentage specific binding values; the level of antipeptide antibody 
binding to the mutant EGFR In the D-270 MG-X membranes is mark- 
edly higher than the low reactivity with intact EGFR, which is slmUar 
to that of the negative tumor membrane control. 

Table 2. Antipeptide antibody binding to membranes of tumors 
Expressing the deletion mutant EGFR, intact EGFR and 
v-erb B-Iike EGFR 



EGFR Percent Percent specific 

Tumor Structure Binding Binding 



In-frame deletion 



Antipeptide 


270 


mutant 


30.2 




Pre-lmmune 


270 


In-frame deletion 
mutant 


2.0 


28.2 


Antipeptide 


A431 


Intact 


8.5 


4.9 


Pre-lmmune 


A431 


Intact 


3.6 


Antipeptide 


245 


v-erbB-like 


6.8 


3.8 


Pre-immune 


245 


v-erbB-like 


3.0 
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Percent binding represents mean fraction of input counts (of a tripli- 
cate assay) associated wUh the membranes. Percent specific binding 
represents binding of ^^^I-labeled antipeptide IgG minus nonspecific 
binding determined from association of preimmune IgG with mem- 
branes. Glioma D-270 MG-X membranes express the in-frame 
deletion-mutant EGFR and squamous cell carcinoma A431-X mem- 
branes overexpress the intact EGFR; glioma D-245 MG-X membranes 
express a v-erbB-like EGFR which lacks most of the extracellular 
domain and serves as a negative tissue control (Humphrey, et al.. Can- 
cer Res. (1988), 48:2231-2238; Wong, et al., J* Cell Biochem., SuppL 
I3B, Abst. 149). 

Reaction of Antipeptide IgG vyith Mutant EGFR but not Intact EGFR 

The molecular specificity of the antipeptide IgG was tested by 
immunoprecipitation reaction. The binding in this reaction was fol- 
lowed by EGFR autophosphorylatlon, SDS-PAGE, and autoradiography, 
essentially as described. Monoclonal antibody 528 (Ab-1, Oncogene 
Science, inc., Manhasset, New York) was used as a positive control, as 
it wiU immunoprecipitate both intact and mutant EGFR. Briefly, 
Triton X-lOO detergent solubilized intact A43l*X EGFR and mutant 
D-256 MG-X and D-270 MG-X EGFRs were immunoprecipitated with 
monoclonal antibody 528 or purified antipeptide antibody. 
Autophosphorylation with ^^P-ATP was followed by SDS-PAGE with a 
7.5% resolving gel. The gel was fixed and dried under vacuum and 
exposed to X-ray film at -70**C. The antipeptide antibody was used at 
20 ug purified IgG or at 100 ul antiserum in binding to Protein 
A-Sepharose for the immunoprecipitation reaction. 

The antipeptide antibody reacted with mutant EGFR in a 
detergent-solubilized state» as judged by immunoprecipitation, with 
autophosphorylation and SDS-PAGE (Fig. 10). The positive control 
immunoprecipitation was with monoclonal antibody 528, which is 
directed against the EGFR external domain. This antibody reacted 
with both the intact A431-X and mutant D-270 MG-X EGFR. The 
antipeptide antibody, in contrast, specifically immunoprecipitated the 
145-kDa mutant EGFR in glioma D-270 MG-X and failed to 
immunoprecipitate the intact A431-X EGFR. Purified preimmune IgG 
did not immunoprecipitate the mutant EGFR. 
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Effect of Antlpeptide IgQ on ^^^I-Labeled EGF Binding 
To the Mutant EGFR and on Mutant EGFR Kinase Activltv 

The effect of the purified antibody on ^^^Habeled epidermal 
growth factor (EGF) (New England Nuclear, DoravUle, GA) binding 
was determined using the reaction mixture of microsomal membranes 
and ^^^Habeled EGF, as described (Humphrey, et aL, Cancer Res. 
(1988), 48:2231-2238). To determine the effect of antibody on EGFR 
kinase, the phosphorylation of EGFR in D-270 MG-X and A431-X 
membranes was performed as described by Davis and Czech (Davis, et 
al., J. Biol. Chem. (1985), 260:2543-2551). Briefly, the 
phosphorylation was carried out in a volume of 50 ul consisting of 
membranes (5-10 Mg)t 20-mM Hepes (pH 7.4), 4 mM MnCl2t 10 mM 
MgCl2, 1% DMSO, ± 400 ng of EGF, + normal rabbit IgG, i antipeptide 
antibody. The mixture was incubated for 20 mln at room temperature 
and then cooled to 4°C. [y-^^Pl-ATP (1.5 uM; 10-15,000 cpm/pmol) 
was added and the reaction was stopped after 3 min by adding 25 ul of 
sample buffer containing sodium dodecyl sulfate and 
betamercaptoethanol. The samples were subjected to electrophoresis 
on 7.5% polyacrylamide gels (Laemmli, Nature (1970), 270:680-688), 
and the extent of receptor phosphorylation was visualized by 
autoradiography. 

The anti-synthetic peptide antibody did not affect binding of 
•^^^Mabeled EGF to the mutant EGFR, nor did it affect either basal or 
EGF-stimulated Intrinsic kinase activity. Specific binding of 
^^^I-labeled EGF, defined as counts of total ^^^I EGF binding minus 
counts not displaced by a 100-fold excess of unlabeled EGF, did not 
change with addition of antibody (data not shown). This may be due to 
the location of the fusion Junction at a site distant from the EGF 
binding domain at residues 351-364 (Wu, et al., J. Biol. Chem. (1989), 
264:17469-17475). The kinase activity of the mutant EGFR did not 
change with the presence of antibody, as assessed by band intensity in 
autoradiography of an SDS-polyacrylamide gel (data not shown). 
Internalization of Antipeptide IgG 

Binding of antipeptide IgG to live tumor cells was determined 
by immunofluorescence assay. D-270 MG-X or A431-X cells were 
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prepared by dissociation from tumor xenografts grown subcutaneousiy 
in athymic mice. Briefly, subcutaneous tumors were removed from 
the mouse and the viable portions were separated from areas of 
necrosis. The viable tissue was minced with scissors and dissociated 
into a single cell suspension by incubating i hr in 0.8% collagenase at 
37**C in a trypsinization flask. The cells were washed twice with cold 
Richters zinc-option medium containing i% normal goat serum. One 
million viable cells, as assessed by trypan blue, were incubated 30 min 
at 4**C with zinc-option medium plus 10% normal goat serum to block 
nonspecific binding. The cells were incubated 30 min at 4°C with 100 
ul of antipeptide antibody (20 ug per ml) or pre-immune IgG. After 
washing 3 times with zinc-option medium plus 1% normal goat serum, 
the cells were Incubated with 100 ul of fluorescein-labeled goat 
antirabbit IgG for 30 min at 4*C. The cells were washed as above and 
resuspended in 500 ul of cold zinc-option medium plus 1% normal goat 
serum. One-hundred-microliter aliquots were removed and warmed to 
37 ""C for 10 to 60 min and observed with a Zeiss fluorescent 
microscope. 

The antl-synthetlc peptide antibody rapidly bound the surface 
mutant EGFR expressed on live glioma D-270 MG-X cells, and this 
binding was reflected by a rimming pattern of the immunof luorescent 
secondary antibody label. Internationalization rapidly ensued and was 
manifested as a speckled intracytoplasmic morphology. Internaliza- 
tion with loss of the peripheral plasma membrsme rimming was com- 
plete by 60 min at 37*'C. 
ImmunopreciDltation of EGFR 

EGFR from xenograft tissue was solubllized and 
immunoprecipitated as follows. Ten mg of frozen (-70*0 xenograft 
tissue were homogenized in 1 ml of ice-cold solubilization buffer com- 
posed of 20 mM lodoacetate, and Aprotinin at 1 mg/ml. After 2 h at 
4"C, the preparation was centrifuged for 15 min at 4**Cln a Beckman 
tabletop centrifuge at 12,000 x g. The supernatant was used in EGFR 
immunopreclpitation. Immunoprecipitation was performed with 
monoclonal antibody Ab-1 (clone 528: Oncogene Science, Inc.), reac- 
tive against the normal external domain of EGFR. 
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Monoclonal antibody Ab-i (528) is an IgG2a which inhibits EGF 
binding to its receptor. For each reaction mixture, 5 ug of 
monoclonal antibody Ab-l (528) or 15 ul of undiluted antiserum con- 
taining polyclonal antibody were bound to 2 mg of Protein 
A-Sepharose 4B by incubation in 115 mM sodium phosphate buffer, pH 
7.4, for 30 min at room temperature. Antibody-Protein A-Sepharose 
complex was washed 3 times with lis mM sodium phosphate buffer, 
pH 7.4 EGFR immunoprecipitatlon was performed with 500-ul aliquots 
of solubilized xenograft tissue, 500 ul of 115 mM sodium phosphate 
buffer, pH 7.4, and the antibody-Protein A-Sepharose pellet. 

After pellet resuspension, overnight incubation was done at 
4**C. Immunoprecipitates were washed 3 times with l ml of 
solubilization buffer, and the peUet was used for autophosphorylation. 
AutODhosDhorvlation of EGFR 

Autophorylation of the immunoprecipitated EGFR was per- 
formed. The EGFR-antibody-Protein A-Sepharose pellets were incu- 
bated with 30 ul of solubilization buffer plus 2 mM MnCl2 and 3 uCi of 
gamma- [32p] ATP (New England Nuclear; 2000 to 3000 Ci/mmol). 
After reaction for 10 min at 4''C on ice, the reaction was terminated 
by the addition of 30 ul of 2x Laemmli SDS-PAGE sample buffer with 
2% B-mereaptoethanol. Samples were boiled for 3 min and centrl- 
fuged. Supernatants were used in loading SDS-polyacrylamide gels. 
Immunoblot Analysis 

Western Immunoblot analysis was performed with the use of a 
semldry horizontal electrophoretic transfer system with graphite 
electrodes (LKB Multq)hor n Nova Blot System). Briefly, frozen A 431 
and glioma xenografts were solubilized in SDS-gel sample buffer, 
boiled, and electrophoresed in a 7.5% SDS-polyacrylamide gel. The 
proteins were transferred to nitrocellulosse at 150 mA for 2 h, and 
immunohistochemical detection of EGFR was accomplished with anti- 
body 528 and polyclonal antisera from rabbit no. 4 directed against a 
type n peptide. 

Polyclonal antibodies against the Type n mutants are tissue 
specific within the Umits of present testing. See, figures 9 and 10. 
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The patents and literature articles cited in this disclosure are 
expressly incorporated herein by reference. 
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1. An intron-free DMA molecule comprising a DNA 
sequence which encodes an EGFR mutant peptide selected from the 
group consisting of type I or II. 

2. An intron-free DNA molecule comprising a DNA 
sequence selected from the group consisting of AAG-CTT-CTG-GAG 
GGA-TGC-ACT-GGG-CCA-GGT and 
CTG-GAG-GAA-AAG-AAA-GGT-AAT-TAT-GTG-GTG-ACA. 

3. An intron-free DNA molecule which encodes an EGFR 
mutant type in peptide. 

4. A substantially pure EGFR peptide selected from the 
group consisting of mutant type I or II of EGFR. 

5. A substantially pure EGFR peptide comprising an amino 
acid sequence selected from the group consisting of 
ASN-LEU-LEU-GLU-GLY-CYS-THR-GLY-PRO-GLY; and 
LEU-GLU-GLU-LYS-LYS-GLY-ASN-TYR-VAL-VAL-THR, 

6. A substantiaUy pure EGFR mutant type HI peptide, 

7. A vector containing a DNA molecule of claim 1. 

8. A vector containing a DNA molecule of claim 2, 

9. A vector containing the DNA molecule of claim 3. 

10. A transformed cell containing the vector of claim 7. 

11. A transformed cell containing the vector of claim 8. 

12. A transformed cell containing the vector of claim 9. 

13. A method for diagnosing glioma which comprises; 
determining the presence in a cell of a gene encoding an 

EGFR mutant protein type I or 

14. A method for diagnosing glioma which comprises: 
determining the presence in a cell of a DNA sequence 

selected from the group comprising a DNA sequence selected from 
the group consisting of AAG-CTT-CTG-GAG 
GGA-TGC-ACT-GGG-CCA'GGT and 
CTG-GAG-GAA-AAG-AAA-GGT-AAT-TAT-GTG-GTG-ACA. 

15. A method for diagnosing glioma which comprises: 
determining the presence in a cell of a gene encoding an 

EGFR mutant protein type m. 
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16. A method of diagnosing glioma wtiLch comprises: 
testing for the presence of an EGFR mutant protein 

type I or U, 

17. The method of claim 16 which comprises: 
administering to a patient a diagnosticaUy effective 

amount of an antibody conjugated to an Imaging agent, said antibody 
being immunoreactive with EGFR mutant protein type I or 11 but not 
being immunoreactive with an intact EGFR protein. 

18. A method of diagnosing glioma which comprises testing 
for the presence of a protein comprising a sequence selected from the 
group consisting of 

. ASN-LEU-LEU-GLU-GLY-CYS-THR-GLY-PROGLY; and 
LEU-GLU-GLU-LYS-LYS-GLY-ASN-TYR-VAL-VAL-THR. 

19. A method of diagnosing glioma which comprises testing 
for the presence of an EGFR mutant protein type HI. 

20. The method of claim 19 which comprises: 
administering to a patient a diagnosticaUy effective 

amount of an antibody conjugated to an imaging agent, said antibody 
being immunoreactive with EGFR mutant protein type m but not 
being immunoreactive with an intact EGFR protein. 

21. A method of treating glioma in a patient which 
comprises: 

administering to a patient with a glioma a therapeuti- 
cally effective amount of an antibody coupled to a therapeutic agent, 
said antibody being immunoreactive with EGFR mutant protein type i 
or H but not being immunoreactive with an intact EGFR protein. 

22. A method of treating glioma in a patient which 
comprises: 

administering to a patient with a glioma an antibody 
coupled to a therapeutic agent, said antibody being immunoreactive 
with an amino acid sequence selected from the group consisting of 
ASN-LEU-LEU-GLU-GLY-CYS-THR-GLY-PRO-GLY; and 
LEU-GLU-GLU-LYS-LYS-GLY-ASN-TYR-VAL-VAL-THR. 

23. The method of treating glioma in a patient which 
comprises: 
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administering to a patient with a glioma a therapeuti- 
cally effective amount of an antibody coupled to a therapeutic agent, 
said antibody being immunoreactive with EGFR mutant protein type 
in but not being immunoreactive with an intact EGFR protein. 

24. The method of claim 13 wherein the step of determining 
employs a Southern hybridization technique, 

25. The method of claim 14 wherein the step of determining 
employs a Southern hybridization technique. 

26. The method of claim 15 wherein the step of determining 
employs a Southern hybridization technique. 

27. The method of claim 13 wherein the step of determining 
employs a polymerase chain amplification technique. 

28. The method of claim 14 wherein the step of determining 
employs a polymerase chain amplification technique. 

29. The method of claim 15 wherein the step of determining 
employs a polymerase chain amplification technique. 

30. The method of claim 16 wherein the step of testing 
employs antibodies immunoreactive with EGFR mutant protein type I 
or n but not immunoreactive with intact EGFR protein. 

31. The method of claim 30 wherein the step of testing 
employs a Western blotting technique. 

32. The method of claim 30 wherein the step of testing 
employs an enzyme-linked immunosorbent assay. 

33. The method of claim 30 wherein the step of testing is 
immunohistochemical. 

34. The method of claim 30 wherein the step of testing 
employs a radioimmunoassay. 

35. An antibody preparation which is immunoreactive with 
an EGFR mutant type I or H but which is not immunoreactive with 
intact EGFR. 

36. The antibody preparation of claim 35 which is 
polyclonal. 

37. The antibody preparation of claim 35 which is 
monoclonal. 
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S8. An antibody preparation which is immunoreactive with 
an EGFR mutant type in but which is not immunoreactive with intact 
EGFR. 

39. The antibody preparation of claim 38 which is 
polyclonal. 

40. The antibody preparation of claim 38 which is 
monoclonal. 

41. A method of treating glioma in a patient which 
comprises: 

administering to a patient with a glioma an antibody, 
said antibody being immunoreactive with EGFR mutant protein type I 
or n but not being immunoreactive with an intact EGFR protein, 

42. A method of treating glioma in a patient which 
comprises: 

administering to a patient with a glioma an antibody, 
said antibody being immunoreactive with an amino acid sequence 
selected from the group consisting of 
ASN-LEU-LEU-GLU-GLY-CYS-THR-GLY-PRO-GLY; and 
LEU-GLU-GLU-LYS-LYS-GLY-ASN-TYR-VAL-VAL-THR. 

43. A method of treating glioma in a patient which 
comprises: 

administering to a patient with a glioma an antibody, 
said antibody being immunoreactive with EGFR mutant protein type 
in but not being immunoreactive with an intact EGFR protein. 
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